Results of an updated global electoweak fit to the Standard Model (SM) are presented, where special attention is paid to some key observables, such as the weak mixing angle, the W boson mass, and the anomalous magnetic moment of the muon. Implications for new physics beyond the SM are also discussed.
The Electroweak Fit
As of this writing the Standard Model (SM) is almost exactly 50 years old. In the fall of 1967 Steven Weinberg proposed a model of leptons 1 which was both inconsistent and incomplete due to the lack of the quark degrees of freedom, rendering it gauge anomalous but this was unknown at the time. It was then modified several times, and evolved into what we call the SM today, which despite of its senior age, appears almost immortal.
And, of course, on the 4th of July was the 5th birthday of the Higgs boson. To celebrate it let us time travel back to the time of ICHEP 2012 where the discovery was announced. If one took all of the available data at that time except for the LHC reconstruction data of the Higgs boson itself, namely electroweak precision measurements and the exclusion regions mapped out at other facilities, one found 2 the probability distribution of the Higgs boson mass, M H , shown in Fig. 1(a) . Including then the direct measurements of M H at the time, one obtained the distribution in Fig. 1(b) , showing a remarkable consistency and demonstrating the important role that the precision data played in terms of predicting M H before its discovery and contributing to its rapid acceptance.
This brings us to old physics implications of precision measurements, also known as the global electroweak fit. Some of the results presented here are from the 2016 edition of the Review of Particle Physics 3 , but I also include updates due to new results of this year. Besides the Yukawa sector, there are basically five parameters needed to fix the bosonic sector of the SM, namely the SU (3) C × SU (2) L × U (1) Y gauge couplings and two parameters from the Higgs potential. One combination of these is the fine structure constant, α, which one can take, for example, from the Rydberg constant, and doing so would leave the even more precise determination from the anomalous magnetic moment of the electron as a derived quantity and an extra SM test. Another combination is the Fermi constant, G F , which is extracted from the precise muon lifetime measurement 4 at the PSI in Switzerland. One obtains the Z boson mass, M Z , from the Z line shape fit 5 at LEP, and nowadays M H from the LHC 6 (see Sec. 1.3). On the other hand, the strong coupling constant, α s , is left as an unconstrained fit parameter and is thus an output.
Weak probes of the strong coupling
There are basically two opportunities to obtain α s from electroweak observables. One is again from the Z line shape, namely from the total decay width and the hadronic peak cross section, in addition to various branching ratios. The resulting constraint,
is the only one not limited by QCD theory. Incidentally, another way to use the Z line shape is to fit to the number of neutrinos, N ν . In the past the result has been somewhat low compared to the SM prediction of N ν = 3, but now we find 7 ,
The W boson width is also strongly dependent on α s , but due to its lower precision it rather serves as a first plus second row CKM unitarity test. The other possibility to obtain a determination of α s from a weak process is through the τ lepton lifetime and its branching ratios. The τ mass is at a much lower energy scale where QCD is at the verge of a perturbative breakdown. Indeed, one can express the perturbative expansion in two different ways, either strictly in fixed-order perturbation theory, or by re-summing certain terms to all orders which is referred to as contour-improved perturbation theory 8 . Both of these expansions work quite well, but while they are seemingly converging they do not appear to converge to the same value. The reason for this is not at all understood and introduces an additional uncertainty. Including higher order terms in the operator product expansion and quark-hadron duality violating corrections 9, 10 , as well as the associated uncertainties, we find,
In total, the global fit which also contains many other α s -dependent quantities returns the result 7 ,
Top quark mass
Let us now turn to measurements 11 of the top quark pole mass, m t . ATLAS 12 , CMS 13 , as well as the Tevatron Electroweak Working Group 14 each produced a combination (shown in Table 1 ) of their various determinations of m t , based on different decay modes and analysis details. Assuming a common theoretical uncertainty for all three combinations equal to the smallest one, which is the quoted 0.29 GeV uncertainty from ATLAS, it is not difficult to perform the grand average,
where the first and second error are the uncorrelated and correlated components, respectively. However, to split the total error of this average up into statistical and systematic components as done in Table 1 is less straightforward, and for the issues involved I refer the interested reader to Ref. 15 . The last error in Eq. (5) from QCD includes the uncertainty from the ambiguity which top quark mass definition is actually measured at a hadron collider, and given that it is presumably close to the pole mass one also needs to include an extra error from the conversion 16 from the pole mass to the short-distance MS-mass, where the latter actually enters Table 2 , in perfect agreement with the kinematically reconstructed Higgs boson mass and with an error of less than 2 GeV. And then there is the electroweak fit itself which returns a much lower central value of M H , about 1.9 σ below those of the other two methods. Figure 2 shows a breakdown of the constraints of the global fit. Indicated are the direct measurements of m t and M H , the Z pole asymmetries which are basically measurements of the weak mixing angle, the W boson mass, M W , and a set of further Z pole observables which by themselves map out a bounded part of the parameter space. Overall, very good agreement is observed, except that M W is seen to favor lower values of M H .
Key Observables

Weak mixing angle
This section provides some details on the most important observables entering the global electroweak analysis. The first one to discuss is the weak mixing angle, which besides M W is one of the most precise derived quantities in the electroweak sector. WSPC Proceedings -9.61in x 6.69in
JensErler page At the SM tree level it is given by
Experimental results are often reported as measurements of an effective weak mixing angle, defined in terms of the vector and axial-vector Z boson couplings to leptons, v ℓ and a ℓ , as Figure 3 shows all measurements of sin 2 θ ℓ eff that achieved a precision of better than 1%. Strictly parity-violating observables are marked by diamonds, others by circles. The first group is from the LEP Collaborations 5 , featuring the forwardbackward asymmetries into bottom and charm quark pairs which are measured on the low side of the SM predictions, hence favoring values of sin 2 θ W on the high side. 
LHC
19 . The asymmetry with muon final states was also measured by the LHCb Collaboration 19 , providing valuable complementarity due to the different kinematics focused on by their detector.
Finally, there are various weak charges, Q W . The weak charge of the electron, Q W (e), has been measured by the SLAC-E-158 Collaboration in polarized Møller scattering using the SLC electron beam 20 . Qweak was the analogous experiment measuring the weak charge of the proton 21 , Q W (p), in elastic e − p scattering using the polarized electron beam at Jefferson Lab, and has been completed recently 22 . Atomic parity violation (APV) is sensitive to the weak charges of heavy nuclei. The most precise result was achieved in Cs in an experiment at Boulder 23 . The very complicated atomic theory 24 is also best understood in Cs. Measurements of sin 2 θ W are important for a variety of reasons even in the absence of physics beyond the SM. They represent a unique type of test of the electroweak symmetry breaking sector, because as summarized in Eq. (7) it is a parameter that can be written either in terms of gauge couplings, or in terms of vector boson masses. They also serve as a test of the still poorly studied Higgs sector, ′ , exhibiting mass mixing with the ordinary Z, there may be very significant modifications of its vector couplings. These would manifest themselves in determinations of sin 2 θ W seemingly disagreeing with the SM. This is also the reason why the extracted limits on Z-Z ′ mixing angles are very strong, and typically at the few per-mille level.
(ii) Another important way is through the interpretation of the so-called oblique parameters, which are discussed in Sec. 3.1. (iii) New amplitudes may also be present, e.g., from an additional Z ′ boson. Some new four-Fermi operator could produce a measurable effect by means of interference with the photon at low momentum transfer, but would go unnoticed in the context of measurements around the Z resonance under which it would be buried. If one then compares on with off Z pole measurements of sin 2 θ W one may be able to isolate this kind of new contact interaction. (iv) Finally, there is the possibility of a change in the renormalization group evolution of sin 2 θ W . If there was a new light particle with a mass somewhere between zero and M Z , this could have an effect on the β function 28 of sin 2 θ W .
The renormalization group running of the weak mixing angle within the SM is illustrated in Fig. 6 . The calculation faces similar issues and problems as the calculation of the electromagnetic coupling at the Z scale in terms of α in the Thomson limit. In the case of sin 2 θ W one starts at the Z pole from where the most precise measurements derive, and moves to lower scales to compare with the extractions from Qweak 22 or other processes involving parity-violation. One employs perturbative QCD wherever possible, i.e., down to µ ≈ 2 GeV, for which one needs precise input values of the charm and bottom quark masses. In the region where one cannot rely on perturbation theory one can try to relate the hadronic contribution that is not calculable from first principles to the corresponding result of α. While there is a part which contributes in the same way to both, sin 2 θ W and α, there is a complication because the ratio of Z vector couplings to up-type and down-type quarks differs from the ratio of their electric charges, and a flavor separation is in order. This can be achieved to sufficient precision by constructing upper and lower bounds on the strange quark contribution 28 . Another separation is needed for the singlet piece, i.e., the OZI rule violating part where one has a quark current connecting to a set of gluons and then connecting further to a another quark-anti-quark pair. This piece is small but in principle introduces some additional uncertainty. Fortunately, there is a lattice gauge theory calculation of the singlet contribution to the anomalous magnetic moment of the muon 29 that can be adapted to this case 30 . The data points around the Z pole (for lack of space, the Tevatron and LHC points have been shifted horizontally) are the averages of the individual determinations displayed in Fig. 3 , taking into account correlated systematic errors.
W boson mass
Another key observable is M W where the status is almost the opposite from sin 2 θ W . As can be seen in Fig. 7 , the most precise measurements are in perfect agreement with each other, but the central values of all available measurements except for DELPHI and L3 are higher than the SM prediction. As a result, the world average is off by about two standard deviations. This is also transparent from Fig. 8 .
There is a very interesting interpretation of an enhanced M W within the Minimal Supersymmetric Standard Model (MSSM). While the size of a possible shift in M W is not clearly predicted, the overall sign of the MSSM contributions 34 is expected to increase M W relative to the SM prediction, in agreement with what is currently seen. This is regardless of whether the boson that the LHC has discovered was the lighter or the heavier of the two CP-even Higgs eigenstates that are present in the MSSM, but the latter case is much more constrained 35 . 
Anomalous magnetic moment of the muon
The final key observable is the anomalous magnetic moment of the muon,
It has been measured by the Muon g − 2 (BNL-E-821) Collaboration 36 ,
and there will be a follow-up experiment at Fermilab 37 , as well as a conceptually different experiment at J-PARC 38 , each attempting to reduce the experimental uncertainty by a factor of about four. The SM prediction,
deviates by 4.2 σ from Eq. (10), but there are some issues regarding the SM value. One is the hadronic vacuum polarization contribution which enters first at the two-loop level and is depicted in Fig. 9(a) 40 from resonances such as the φ or the Υ(4S) (also produced in e + e − annihilation), i.e., decays where the energy is shared between the hadronic system and an additional photon (this method is dominated by systematic and theoretical uncertainties); (iii) spectral functions of τ ± → ν τ π ± π 0 decays, which are related by an isospin rotation to e + e − → π + π − . Final states with four pions can also be used. The method assumes isospin symmetry and isospin violating effects have to be corrected for introducing an extra uncertainty.
The experimental results from e + e − annihilation and τ decays are discussed in detail in Ref. 41 . In each of the two classes, the results are in very good agreement with each other, but the analysis based on τ decays showed a smaller deviation from the SM which prefers higher values of the hadronic contribution to a µ . However, a few years ago it was pointed out 42 that another isospin-breaking effect originating from γ-ρ mixing needs to be included. Ref. 42 obtained a parameter-free prediction for the size this correction and applying it moves the τ based analysis into very good agreement with the e + e − data. Averaging them together implies a larger deviation compared to considering the e + e − data alone. There are interesting proposals to reduce the hadronic vacuum polarization uncertainty in a µ in the future. They involve to measure the vacuum polarization in the space-like region from Bhabha scattering 43 or from µe scattering 44 . Such an experiment would measure the running of α, and the corresponding contribution to a µ would be achieved by means of the convolution 45 ,
Another difficult issue is the hadronic light-by-light contribution shown in Fig. 9(b) . Entering first at the three-loop level, it is much smaller than that of the hadronic vacuum polarization. However, its uncertainty is nevertheless numerically comparable and crudely estimated to be roughly 30% of itself. The reason is that there are not have enough data to constrain the associated dispersion integral which in this case is two-dimensional. Fortunately, there are promising efforts from lattice gauge theory 29 . A recent calculation of the quark-connected and leading disconnected contributions 46 achieved a 25% statistical precision while the systematics is currently under investigation. There is a valuable and encouraging cross-check in which the muonic light-by-light contribution has been simulated on the lattice, and the result agrees within about 2% with perturbative QED 47 . There are also recent lattice results 48 on the vacuum polarization contribution.
Here the uncertainty could be reduced to 6%, and sub-% precision may be achievable in the not too distant future. Note that about half a percent accuracy would be needed to be competitive with the dispersion result.
New Physics Implications
Oblique physics beyond the Standard Model
The oblique parameters describe radiative corrections to the vector boson twopoint correlation functions, and in one specific formalism 49 are called the S, T and U parameters. They may be defined to describe new physics only, such that S = T = U = 0 in the SM. To extract them from the data one needs measurements of sin 2 θ W , M W , as well as at least one other derived observable, such as the Z boson width, Γ Z , or a low-energy neutral current observable.
The oblique parameters are easily affected by most models of physics beyond the SM, especially those addressing naturalness issues of the Higgs potential (the hierarchy problem). The oblique approximation neglects possible additional new physics effects, such as direct contributions to fermion couplings. Even where this is not a reasonable approximation, it still provides a valuable reference case.
The T parameter breaks the accidental (custodial) SO(4) symmetry present in the Higgs potential. Its effects are indistinguishable from tree-level new physics corrections to the ρ 0 parameter, defined as the ratio of the neutral-current to chargedcurrent interaction strengths.
A new multiplet of heavy degenerate chiral fermions would produce a constant contribution,
to the S parameter, where N i C is the color factor of multiplet i. E.g., an additional complete and degenerate fermion generation or mirror generation would contribute ∆S = 2 3π ≈ 0.21 .
Another way to think about S and T is that they correspond to dimension six operators in the SM effective field theory, in which one supplements the SM with additional gauge-invariant, but non-renormalizable operators. The U parameter corresponds to a combination of dimension eight operators, so that U is expected to be more suppressed than S and T . This expectation is indeed borne out in concrete models.
Non-degenerate doublets
A simple example is given by a set of extra non-degenerate doublets which would contribute to ρ 0 = 1 + αT as 50 ,
where ∆m 2 i is not simply the difference of the masses squared of the two members of each doublet, but rather a more complicated function with the property that ∆m
2 . Thus, it is a positive definite function, and despite appearances, there is decoupling in this formula. At first sight one could have the impression that a very heavy doublet with, say, Planck scale masses and a mass difference of electroweak size, could give a measurable effect even at present day colliders. However, this is not the case, because in actual models in turns out that ∆m 2 i itself will experience a see-saw type of suppression and will tend to zero, consistent with the interpretation of T as a dimension six operator.
With the latest results on sin 2 θ W , etc., I now find,
which differs from the SM prediction, ρ 0 = 1, by 2.0 standard deviations. It is amusing that this implies a non-vanishing new physics contribution at the 90% CL, for which I find the range,
Note, that the future Circular Electron Positron Collider (CEPC) under consideration in China, could measure ρ 0 with a precision of 8 × 10 −5 , and assuming that the central value would not change from today, the quantity in Eq. (16) would be discovered to be non-zero at the 5 σ level.
The S and T parameters
The result of a simultaneous fit to S and T is shown in Fig 10. Notice that with the exception of the constraint from atomic parity violation (which is from Cs and Tl experiments) all constraints have a similar positive slope as they are all related to sin 2 θ W . The various classes of constraints and the combined fit are in reasonable agreement with the SM prediction, S = T = 0, but at the best fit values,
the fit is moderately better, showing a decrease of ∆χ 2 = −4.0 compared to the SM global fit. It would be interesting to improve the precision in such a fit. This could be done, for example, at the CEPC which could achieve uncertainties of ±0.014 and ±0.017 in S and T , respectively. The S parameter by itself rules out QCD-like technicolor models, and only much more complicated models may still be viable. S also incontrovertibly rules out a degenerate fourth fermion generation, and even a non-degenerate one is highly disfavored 51 .
Non-oblique parameters
As already mentioned in Sec. 2.1, there is a long-standing SM deviation in the forward-backward asymmetry, A F B (b), as measured at LEP. Interpreting A F B (b) instead of a measurement of sin 2 θ W as a measurement of the flavor-dependent form factor ∆κ b multiplying the weak mixing angle relevant for b quarks, and performing a fit simultaneously with another form factor ∆ρ b which can be thought of as the ρ 0 parameter for b quarks, we find 7 ,
This represents a 2.7 σ deviation from the SM prediction ∆ρ b = ∆κ b = 0, and is driven by the deviation in A F B (b). However, it is difficult to explain this deviation in terms of new physics without also shifting the Z boson branching ratio into b quarks, R b , which is in reasonable agreement with the SM. WSPC Proceedings -9.61in x 6.69in JensErler page 16 The CEPC may be able to achieve precisions of ±0.005 and ±0.007 in ∆ρ b and ∆κ b , respectively. Note that the results in Eq. (20) are essentially independent of S, T , and U , meaning that whether you allow them to also vary in the fits or fix them to the SM, makes little difference in these extractions.
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Compositeness scales from low energies
From polarized electron-proton 22 , Møller, and deep inelastic scattering (DIS), as well as APV, one can obtain constraints in a three-dimensional coupling space of parity-violating four-fermion operators, appearing in the effective Lagrangian 52 ,
where v = ( √ 2G 
The results and their combinations are shown in Fig. 11 . For Fig. 12 these have been translated into sensitivities to new physics scale. In the future, such scales Reach to new physics scales 53 from the four-fermion operator constraints in Fig. 11 . The blue segment is accessible to DIS experiments (yellow lines) and defines a plane (containing the brown 95% CL exclusion contour) perpendicular to the plane containing the red segment, the green contour and the white and maroon lines. Thus, the two planes are subspaces of a threedimensional parameter space which intersect along the horizontal direction. The lines indicate the coupling combinations of the various experiments relative to the common horizontal direction may reach up to about 50 TeV provided one assumes the strong coupling case, as e.g., in compositeness models.
Conclusions
To summarize, the SM is almost 50 years old, but in remarkable health. It is overconstrained, where derived quantities like sin 2 θ W , M W , g µ − 2, and weak charges have been both computed and measured. The precision in future measurements of sin 2 θ W , M W , Q W (e) and Q W (p) will challenge theory, and a major global effort is needed to keep the theory uncertainties well below the projected experimental ones. Contact interactions derived from comparing future measurements of sin 2 θ W at low energies 54 with determinations near the Z pole will be able to test new physics scales up to around 50 TeV.
Currently, the indirectly determined Higgs boson mass from the global fit is 1.9 σ below the directly reconstructed mass, while the ρ 0 parameter is 2.0 σ high. Both observations can be traced to the measured M W which is above the SM prediction.
